
0 Fermi National Accelerator Laboratory 

FERMILAB-Pub-83/7'4-THY 
REPORT NUMBER RU83/B/69 

September 16, 1983 

On go-B0 Mixing 
and Violations of CP Symmetry 

I. I. BIG1 
Fermi National Accelerator Laboratory, Batavia, Il. 60510 

and 
Institut F. Theoret. Physik E 

RWTH Aachen, D 5100 Aachen, FR Germany 

A. I. SANDA 
Rockefeller University, New York 10021, USA 

ABSTRACT 

In view of a possible long lifetime for B mesons ~$10 -12 set - we 

re-examine predictions of the Standard Model for B"-B" mixing. We 

estimate theoretical uncertainties in the computation of the relevant 

matrix element by comparing the vacuum saturation approximation with 

predictions obtained in the bag model and in the harmonic oscillator 

model with and without relativistic corrections. For the Bd-Bd system 

we find mixing leading to a like- sign di-lepton yield of at most a few 

percent of the opposite sign di-lepton rate; Bs-8, mixing should be 

stronger. While very little CP violation is expected in Be-go mixing, 

we find that certain CP asymmetries in on-shell Bd decays could reach a 

level of 10% or more. 
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1. MOTIVATION 

For various reasons it is appropriate to re-analyze the prospects 

for B"-Bo mixing and the observation of CP violation in B decays: 

- The statistics that will be accumulated on B decays in the near future 

will allow B"-io mixing and CP violations in these systems to & 

subjected to experimental scrutiny. 

- The theoretical analysis of B"-Bo mixing has so far employed arguments 

based largely on simplicity, like vacuum saturation of matrix elements, 

while ignoring other tools available in our theoretical arsenal to 

calculate matrix elements, like the bag model or the harmonic 

oscillator model. 

- there are two new pieces of experimental information that are of 

direct relevance to such an analysis: an improved upper bound on the 

ratio of b+u over bx transitions 

and a first tentative measurement of the B Meson lifetime r(B1~lO-l~ 
1 

sec. 

In terms of the Kobayashi-Maskawa angles these numbers can 
cl) 

conveniently be re-expressed as follows: 

5;+~;+.+,co3~= Wdo-3BR(~-c~ Cl.21 

-12 
a 

53 = 3.9 u IO-’ BRUbw 
)( ‘oTB”’ (I.31 

r(B--w 1 
rtB+c) 

< 0.05 

With BR(b+u)(O.O5 
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and TBSIC-'* set one finds s3<5xjC -2 (1.U) 

Thus it is suggested that both s2 and s3 are considerably smaller 

than ~~20.23. If true it would lead to some interesting phenomenological 

consequences which will be discussed later. 

The paper will be organized as follows: in sect. II we make a few 

short comments on the calculation ofdeff, the effective interaction 

responsible for B"-fio mixing; in sec. III we discuss various methods to 

compute or at least estimate the matrix element <B"ldeffjBo> and the 

amount of mixing; 

sect. IV contains an analysis of how much CP violation might be 

expected in B"-io mixing and in A decays; finally in sect. V we present 

our conclusions. 

II CALCULATION OFaeff (f&2) 

The mass matrix determining B"-5" mixing is calculated by computing 

the well known box diagrams. Including strong radiative corrections one 
3 

finds 

y-1;; = ,,cD($i’\$;[m;+: m;+< mp& o(m:,$)] ’ t 

in the small angle approximation and 

b[ql stands for the bottom [down or strange] quark field. At short 

distances the effective AB=2 coupling can be approximated by the box 
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diagram. Such a procedure has first been applied to K"-fo mixing ,and it 

turned out to be rather successful in the sense that it lead to a 

correct prediction for the charm quark mass. However there are bound to 

be contributions todeff (ASS?) which are not determined by short - 

distance dynamics, namely K O-E0 transitions that proceed via virtual 

1T,~,lrli etc. intermediate states. (4) It is not known yet how to compute 

such contributions in a reliable fashion. We will come back to this 

complication later. 

The go-i50 transition operator on the other hand should 'be 

determined basically by short distance dynamics, since MB is so muoh 

heavier than typically hadronic mass scales; for the same reason one 

expects the spectator mechanism to yield a very good description of B 

decays. T(b+c) being much larger than T(b+u) strengthens the dominance 

of short distance dynamics even more since pionic intermediate states 

will be highly suppressed. Therefore 

g,iA3=.2) dt;(dB= 2) (2.2) 
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III. ESTIMATES OF 
and 

<B"I&!eff(AB12)180) 

THE AMOUNT OF MIXING 

The presumably gravest uncertainties arise when one tries to 

calculate the appropriate matrix element of$ eff since that is certainly 

not in the realm of short distance physics. 

In our subsequent discussion we will use the following definition: 

JM = $ < B” I (ii q $jiq~“-* 13” ) 

=&f,"rQ (3. I) 

Satllrating the matrix element (3.1) by inserting just the vacuum 

state yields RB=j, where fB is the decay constant of the B meson. This 

is the highly popular vacuum saturation approximation (=VSA). 

The decay constant fB can be measured in principle via the decay 

R+TVT 9 but at present it is not known. Theoretical estimates in the 

literature range between 100 MeV and 500 MeV. This uncertainty which is 

already quite unfortunate is further compounded by our ignorance 

concerning R B' i. e. the numerical quality of the VSA. 

It is tempting to use a value for RB as extracted in the K"-K" 

system. There are however some drawbacks to such a procedure: 

i. Since we do not bow of a convincing argument for equating 

$eff(A~:2) with d 
box eff (AS=2), we cannot rely on M(KL)-M(K,) for 

fixing I?. 

ii. Much better arguments can be given for CP violation to be 

determined by short distance dynamics. Yet to ohtain eK one has 
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to know the appropriate on-shell wtrix element of the box 

operator for which a short distance analysis does not suffice. 

A priori there is no clear reason why RK parameterizing this 

matrix element in K" physics should be equal to RB. 

iii. The interesting suggestion has been nade to derive R from the 

observed K+-wr+n' width via current algebra (5) or chiral 

perturbation theory. (2) Such an argument is however not expected 

to work for the much heavier B meson - another reason why the 

parameter RB could be quite different in the two cases. 

Therefore we will estimate <B"l~efflBo) and its theoretical 

uncertainties by calculating it directly using phenomenological hadromic 

wavefunctions. Of these wavefunctions we demand of course that they 

give at least a decent fit to non-strange and strange hadrons. We will 

actually employ three different models each stressing different aspects 

and thus hopefully complementing each other: 

(A) lhe non-realistic harmonic oscillator model = HO 

(B) The relativistically corrected HO model q RHO 

CC) Tne bag model : BM 

Although no clear reason can be given why the HO and the RHO model 

should work in the first place, one does not expect them to give a. 

poorer description of bottom states than of strange states. As far as a 

bag model is concerned where hadrons are taken as a sphere it has even 

be suggested to provide a more reliable description for mesons 

containing one - but not two - heavy quarks. (7,8) 
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Our discussion of case (A) and (B) parallels the treatment of K"-Eo 

mixing in ref. 6. 

A. The HO Model 
9 

The harmonic oscillator quark model of Isgur and Karl ignores 

all relativistic effects and therefore has to be considered as a 

phenomenological ansatz, however as a amazingly successful one. 

The matrix element (eq. (3. 1)) is found to be given by 

(3.2) 

2 +My& = 16( $j+ 
fg,=( yyyr A 9 (3.3) 

where X describes the coupling strength of the HO potential. 
9 

Fitting the model yields Xs10-2(GeV)3.With the (constituent) quark 

masses Md=1/3 GeV, X9=0.5 GeV and Mb=5 GeV one obtains 

6.4. 10-z ( GqV)3 

h-t”, c 8.5 a IO-’ (GeV13 

a. RHO Model 

Colic et al. include some relativistic corrections to the HO model 

by replacing Pauli spinors by Dirac spinors. 

They find 
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JuI,Ho&[/-~+ 9& 
‘Es’$Kq+m,J cE. s+m4)?E,+ mJ= 

] 

with 

Inserting the same mass values as before we obtain: 

-c 4.8W2 lGd13 

syz”B:” LT f.2.w IO-* (GeVj3 

(3.6) 

(3.8) 

(3.9) 

C. The bag model 

The bag model is complimentary to the HO model in the sense 

that it allows for a fully relativistic description. There one can 
10 

derive the following results: 

fi”a”’ = 8( a-B-‘tc) 13. IO) 

(3. II 1 

(3.l2) 

(3.13) 

with the normalization constants 
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(3. 4) 

Rzradius of the hadron and the kinematical factors 

ET= 
({;+m;Rz?- m;R 

L (+y'F+ m; R 
(3.15) 

The ji are spherical Bessel functions and the si represent momenta in 

units of the natural scale R-'-pi.ciR-'- and are determined to be roots 

of the equation 

G= ,-nRb(y+hxy L ,L 
(3. 16) 

For d quarks with Md"o one finds cd=2. 043, while s quarks with M,J'280 

MeV imPlY 5,=2.43; b quarks on the other hand with Mb*4. 6-4. 8 GeV are 

so heavy that they can safely be treated non-relativistically. 8 

This limit is obtained by letting mbR go to infinity; then 

c,:R and simplifications occur (e. g. ,c:O sinceeb:O). We obtain 

3.9 * c3 = 6x IO“ (G&f 

5.5d3 = ~.LIo-~[(&‘~ 

with R-l=025 GeV 8 with R-'~0.25 GeV8. 

Instead of mbR)OO one can use mb*5 Gev in which case Eb=3.064. Then 

one finds 
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sic”;; (v- 5.2 x fO-’ (Gd; 

+d’t? = 7.7 x IO-’ (G,V)3 
5 

i. e. very little difference from (3. 17,3. 18). This illustrates our 

statement that the bag model results are not very sensitive to the 

choice o? the b quark mass 

In table I we have summarized our results obtained so far and have 

them juxtaposed to the vacuum saturation approximation WA. 

1s 15.8.[& r 
TABLE I 

Some comments are in order: 

i. Tine three models, in particular the harmonic oscillator model and 

the bag model, yield very similar numerical results although the 

light anti-quark is treated in a very different fashion, namely 

relativistically in the bag model and non-relativistically in the 

HO model. This agreement does not hold for the K"-$ case. 

ii. The value fg:150 MeV was picked somewhat arbitrarily to 
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illustrate the order of magnitude of the WA result. Potent,ial 

%odels yield f 
Bd 

=125CfB '1751MeV while a bag model calculation 

(8) gives f 
S 

ad 
"100 MeV. Thus one estimates 

, 1, =0.5-0.x 
d 

iii. The bag model result is fairly stable under variation of 

parameters and positive in sign. This is in marked contrast to 

the KO-EO case where small variations in the bag parameters 

affect the magnitude of$, drastically and can even change the 

sign (6). For completeness it should be kept in mind that the 

spherical bag model being used here will cease to offer a 

reasonable description when the anti-quark becomes too heavy. 

iv. One should recall that in non-relativistic models the decay 

constant f M of a meson with mass M is given by the wavefuction at 

the origin 

f J- '= II I$d 

tl M 
L ‘3. 0) 

and therefore 

J’!! = $ -K,f; M z 16 it, ~y,ld (3.2Oj 

Thus a non-relativistic treatment suggests that&has the same value for 

all mesons with the same reduced massp and increases with p - as borne 

out by comparingAH HO k and& B. 

To summarize our analysis so far; using VSA for computing the 

matrix element .MB with fB"150 MeV might lead to an overestimate by a 

factor of roughly two. 
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The amount of mixing is usually expressed in terms of 

where 

Am= rn,-m,=Jk M,, 

2 22216 For Bd: (bi) mesons we then find with $=s,s~~ 

XSd * 13 5: coa * [ 5$(~<“J ,;:ifKc 1 

(3.22) 

(3.23) 

(3.8) 

where we have set mts35 G~V. To a first approximation xB scales like 
d 

$135 GeVj2. In ref. 2 it was shown that for rBS~O-'2 see, mts35GeV 

(and Ec0.37) one can derive a lower limit on ls2s3sin61 from the 

measured Valve Of EK and M(KL)-M(K,): 

if mL-0 (3.25) 

Even accepting all these values does not suffice yet to fix all the 

relevant parameters; however upper bounds can be given like s2$G.i from 

-2. (1.2,4) and cos 2 6$2/3 from eq. (3. 25). Assuming these supper 

bounds to be saturated we find as an order of magnitude estimate 

Thus VgA yields xB SO.4 while the bag model ansatz leads to 
d 

xB f 0.1%. 
d. 
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For Bs=(b6) mesons we find much larger values. 

2 Since St=(s2+s3e i6) 2e2i6 in that case we get 

X.B - 
5 260 * F * [ sx ro-“((je~f M- I\ ;cJ 

F = ~+d+~S2S3~~6+~~ ‘I 

(3.2? 1 
(3.28) 

For ~~s1o-l~ set one can write 

F= [I 4.2s 10-3- &i,,?~] (3.21) 

Again no firm prediction of F and thus Of XB can be given at present. 
S 

Saturating the lower bound On lS2sin61 derived from eq. (1. 4,3. 25) one 

finds Fs10m3 and therefore 

.A4 x, - 0. 3 x I 5~lO“(&V)3 1 5 
(3.30) 

Thus VSA gives XB $1 while the bag model yields xB SO. 5. 
s S 

go-B0 mixing will lead to like-sign dileptons in e+e- 

annihilation,Since the B"Eo pair is produced in a coherent quantum 

state one has to include effects due to Bose statistics. If B"Eo are 

produced in a p wave state-as it happens on y(4s)-one finds for the 

dileptons from BOB0 decays 

R1-I = 
N(P+P) + rJcr-a-) x1 

NWl-) = 2+xX 
(3.31) 

With the numbers give above we find 
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Raz,(Q) = 0.01 - 0.08 (3.31) 
R,=,(B,)= 0.10 - 0.30 (3.33) 

For !?,(= relative orbital angular momentum) : even as in e+e-+&+BBy 

one obtains much larger values: 

R ,:e”c,‘a,~=;+p $ 
z o.olt -~ 0.2.3 (3.34) 

RP;emn(B*)= 0. 30 - I i3.35) 

To stress it again: these numbers are not firm predictions, since 

the relevant parameters are not sufficiently well known yet; they are 

given to illustrate the order of magnitude of such effects and their 

inherent theoretical uncertainties. 

IV. CP VIOLATION IN B MESON TRANSITIONS 

It has to be kept in mind that CP violation can surface in B meson 

transition in two different ways: 

a. It can occur in B"-5' mass mixing as it occurred in K"-io mixing 

where it is characterized by the quantity eK. 

b. It can appear also in on-shell B decays in analogy to the quantity 

E' defined in K decays. 

i. It has been pointed out before&hat chances to observe CP 

violation in B"-8' mixing are rather slim. The relevant 

parameters are defined as follows: 
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Tf ro~-,~+Yxj - I-EB ~(~,t++(~~p 
I I r(B”-.r7x) - yyy- a ;Ii+i4A~S-fb3-f 

Pt. I ) 

r(B”+fFX) 
SE r(p-q+etvx) = 

With these quantities one can express the total lepton 
3 

charge asymmetry in semi-leptonic decays of the BOB0 system: 

MU.+ I- N K > -7 
Aa: .NP\+ N(T) =Lf (4.3 j 

It is a general feature of the standard six quark model that 

Al is very small independent of the values of s2,s3 and mt: 
-2 Al<10 . 

Small values of s2 and s3 and mt>30 Gev will actually 

decrease Al much further: Al40 -4 -3 
-10 . 

ii. From this pessimistic estimate of CP violation in B"-5' mixing 

one should not infer that CP violation will be unobservable in B 

decays. The pattern of CP violation in the B" system could well 

be completely different from the one in the Y" system: on-shell B 

decays could show sizable CP asymmetries as explained in 

ref. 12,13. Here we will re-analyze those predictions. 

The main idea is that there are certain final states f into which 

both B" and E" can decay - possibly after a multistep reaction: 

'X0-.& { 
-0 /T 
3 
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Gndidates for such a final state are: 

‘Jjd + IlO+li’s,, 
Kg+& 

H, --D 3"+ 7;5 /T 

Mixing is evoked to provide interference of two amplitudes thus 

exposing possible complex phases in them; however CP violation in the 

mixing itself is not required. - One can define a CP asymmetry in 

e+e-+B"go+Y. 1 . 

if BOB0 are produced in a charge conjugation even state, like 

e+e-+&+BO~Oy; it vanishes otherwise. Here we have used the notation: 

X=2am 
r 

, $: q, a= 9 

-xi+ PQ -f_ CT 1 IfEB 

qM J q=~z* 
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The cases of Bd and Bs decays have to be treated separately; first 

we consider the BdBd system: 

,& + 
s~/A + 21;-3&E 

z+ 5; +~ 2s,s, cQ-3 fs 
= 2&A (spS t 5,) 

g+s;+ 25,s) cfas (4.6) 

It is again premature to give a firm prediction for sin 2$1~, but 

using "typical" values for s2,s3 and 6 that satisfy the relations 

(1. 2,l. 4,3. 25) one finds as reasonable estimate sin 2 @ds1/3 and 

therefore 

[ A, j ,- II- 30% (Ii.. 7 ) 

Of course it will be very hard to analyze special exclusive decay 

modes and still accumulate sufficient statistics. Instead one can 

compare inclusive modes like B"Bo+R-Ks~ vs. B"Bo+%+KsX C,P B"Bo+,&+i-Dx 

VS. B"Bo+Q+I1-D~ where tha second lepton comes from D decays. When 

performing such a semi-inclusive analysis one will certainly include 

channels with no CP asymmetry and thus dilute the effect. However in 

view of tha Possible size of Ad(eq. (4. 7)) this is a viable option. 
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The prospects are much more gloomy for the BsBs system since one 

finds within the standard six quark model: 

/z&q = 0 + s(($j $1, (4.8) 

V. SUMMARY 

The neutral B mesons offer a great opportunity to st~ldy complex 

phenomena like B"-5' mixing and CP violation. 

A long B meson lifetime ~10~'~ set will certainly increase the 

observability of such effects. Numerical predictions for the relevant 

quantities are hampered by uncertainties in the size of certain matrix 

elements. We estimated these uncertainties to amount to factor of 

roughly three. While we consider these model predictions to be more 

reliable for B"-Eo than for K"-io matrix elements we do not see a 

convincing argument for extrapolating experimental information on the 

K"-ko system to the B"-Eo system. 

As far as mixing is concerned, we expect some mixing to occur for 

Bd-Bd leading to a like-sign ldilepton rate of at most a few percent of 

the opposite-sign dilepton yield. For Bs-5, on the other hand we except 

very sizeable mixing. 

CP violation in B"-Eo mixing will be very hard to observe if the 

standard six quark model is correct. Very sizeable CP asymmetries might 

however appear in on-shell Bd decays. This could be studied in e+e- 

annihilation just above the BE* threshold or on the 2' resonance. 
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